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PREFACE 


Immediately  after  World  War  II,  many  highway  projects  were  programmed 
and  scheduled  for  construction  and  reconstruction.    During  the  design  stage 
for  these  projects,  it  soon  became  apparent  that  portions  of  eastern  Montana 
had,  or  shortly  will  have,  inadequate  quantities  of  good  quality  gravel  for 
use  in  the  construction  of  highways.    In  order  to  counteract  the  very  ex- 
pensive construction  which  could  result  from  the  extremely  long  haul  of  good 
quality  materials,  it  was  necessary  to  find  some  means  to  upgrade  the  sub- 
standard materials  prevalent  in  this  area.    Basically,  this  study  was  under- 
taken to  investigate  the  possibility  of  using  some  of  the  widely  distributed 
sand,  clayey  sand  and  substandard  gravel  in  place  of  the  good  materials  that 
had  previously  been  used  in  base  and  surfacing  courses.    The  quality  of  the 
substandard  materials  will  have  to  be  improved  by  the  addition  of  some  agent, 
such  as  portland  cement,  asphalt,  chemicals  or  admixtures  of  clay. 

Fine  non-plastic  sands  have  been  used  for  base  course  (unstabilized)  and 
asphaltic  surfacing  on  several  experimental  projects  and  as  maintenance  bet- 
terments.   Although  the  experimental  projects  were  generally  disappointing, 
they  did  indicate  several  possibilities  for  obtaining  more  satisfactory  re- 
sults.   The  maintenance  work  also  offered  some  pertinent  information  on  the 
use  of  substandard  materials.    Observations  over  a  period  of  years  indicated 
that  certain  combinations  of  sand  and  clay  gave  adequate  subgrade  stability 
for  some  of  the  light  traffic  secondary  roads.    The  extent  to  which  this 
stability  is  dependent  upon  favorable  drainage  and  moisture  is  not  clear,  but 
warrants  investigation. 

Several  states,  notably  Iowa  and  Nebraska,  have  experimented  with  sand 
and  substandard  gravel  for  both  base  course  and  asphaltic  surfacing.    It  is 
understood  the  test  sections  that  were  constructed  on  the  basis  of  their  re- 
search findings  have  rendered  good  service  under  light  to  medium  traffic 
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conditions.    Hence,  this  project  was  initiated  to  study  means  and  various 
materials  necessary  to  upgrade  the  substandard  materials  in  eastern  Montana 
areas.    The  original  title,  "Upgrading  of  Substandard  Materials  in  Eastern 
Montana",  was  revised  and  shortened  to  "Benef iciation  of  Aggregates"  so  as 
to  be  able  to  include  other  substandard  materials  in  different  parts  of  the 
State  when  such  materials  were  encountered. 
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UPGRADING  OF  SUBSTANDARD  MATERIALS 
IN  EASTERN  MONTANA 

INTRODUCTION 

This  project  originated  as  a  research  study  of  a  typical  area  in 
eastern  Montana  where  gravel  is  poorly  distributed.    The  major  purpose 
of  this  study  was  to  investigate  the  possibility  of  upgrading  some  of 
the  substandard  materials  for  use  as  roadbuilding  aggregate.    Work  was 
started  on  September  1962.    This  report  covers  field  examination  of  the 
area,  general  sampling  to  determine  limits  of  acceptable  or  potentially 
acceptable  materials,  and  laboratory  investigation. 

The  area  under  study  is  in  the  triangle  formed  by  the  convergence 
of  the  Missouri  and  Yellowstone  Rivers  toward  the  east,  and  the  Mussel- 
shell River  in  the  west.     It  includes  all  of  Garfield  County,  the  west- 
ern part  of  McCone  County  and  the  northern  part  of  Rosebud  County 
(figure  1).    Figure  2  shows  the  major  highways,  towns,  and  drainages  in 
the  area. 

The  work  was  aimed  at  defining  the  problems  and  examining  some  of 
the  more  conventional  approaches.  The  area  was  examined  to  determine 
the  continuity  and  extent  of  the  various  materials  considered  in  their 
geological  setting.  Sampling  was  guided  by  (1)  exposures  of  geologic 
formations  with  concentration  on  obtaining  a  good  geographic  distribu- 
tion; (2)  delineating  quality  of  materials;  and  (3)  natural  conditions 
providing  clues  to  the  stability  or  durability  of  the  materials. 

GEOLOGY 

The  geology  of  this  area  as  shown  in  figure  2  is  relatively  sim- 
ple.    In  the  southeastern  part  of  the  area  Cretaceous  formations  are 
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extensively  exposed  along  such  major  structural  features  as  the  Por- 
cupine Dome,  the  Cat  Creek  anticline,  and  the  Sumatra  anticline  and 
syncline.    The  remainder  of  the  area  is  covered  by  Tertiary  Fox  Hills 
and  Fort  Union  formations.     In  parts  of  Montana,  the  Fort  Union  is 
broken  down  into  Tongue  River  sandstone  member  at  the  base.    Lebo  shale 
in  the  middle,  and  Tullock  sandstone  at  the  top.    Although  the  shale 
member  is  extensively  exposed  east  of  Van  Norman  in  the  study  area,  the 
formation  has  not  been  sub-divided  on  the  available  geology  maps. 

The  only  igneous  rock  in  the  area  is  a  steeply  dipping,  black 
fine-grained  dike  which  causes  a  series  of  small  buttes  northwest  of 
Jordan;  the  largest  of  these  is  called  Smoky  Butte.    The  dike  is  var- 
iable in  width  (maximum  of  about  70  feet)  and  is  bordered  by  very  al- 
tered sedimentary  rocks.    Only  the  core  of  the  dike  is  hard  and  durable 
material. 

In  general,  the  various  sedimentary  formations  are  soft  and 
weather  rapidly,  but  throughout  the  area,  thin  beds  of  moderately  hard 
sandstone  form  a  caprock  protecting  the  softer  materials.  It  appears 
this  hardening  is  at  least  partly  a  weathering  phenomena  and  the  hard- 
ness may  be  considerably  less  away  from  the  outcrop.  This  possibility 
would  have  a  decided  effect  on  efforts  to  produce  quantities  of  harder 
sandstone. 

Another  moderately  hard  material  In  the  upper  part  of  the  Fort 
Union  formation  (Tongue  River  sandstone  member)  is  baked  shale  and 
siltstone  resulting  from  the  burning  of  lignite  beds  exposed  at  the 
surface.    This  baked  material,  which  is  locally  referred  to  as  scoria, 
is  widely  distributed  as  small  deposits  in  the  eastern  part  of  the  area. 


The  Intensity  of  the  heat  is  somewhat  indicated  by  the  intensity  of  the 
color  with  yellow  and  deep  red  to  black  indicating  the  hottest  zones. 
The  shale  has  been  most  intensely  altered  by  this  process  and  in  many 
cases  it  has  been  recrystallized  or  fused  into  a  lightweight  non-swell- 
ing material;  shaly  siltstone  was  also  considerably  affected  but  the 
sandstone  shows  little  physical  evidence  of  change  except  for  coloration. 

The  northern  part  of  this  area  was  glaciated  and  glacio-f luvial 
or  glacial  deposits  were  formed  in  an  area  along  the  Musselshell  River 
on  the  west,  Dry  Creek  in  the  center,  and  Redwater  River  on  the  east. 
Glacial  deposits  or  stream  concentration  of  glacial  materials  are  the 
sources  of  almost  all  of  the  gravel  deposits  in  eastern  Montana;  thus, 
the  limited  extent  of  glaciation,  the  absence  of  major  streams  except  on 
the  periphery  of  the  area,  and  the  absence  of  suitable  quarry  materials 
have  created  a  problem  which  is  the  reason  for  this  study. 

SOILS 

With  the  exception  of  the  small  areas  covered  by  glacio-f luvial 
deposits,  the  soils  throughout  the  area  are  derived  from  the  underlying 
bedrock  formations  (see  figure  3).    Where  sandstone  formations  occur, 
the  soils  are  mainly  A  2-4  and  A  4,  sandy  soils  having  very  little 
coarse  material,  low  plasticity  and  high  capillarity,  but  they  contain 
enough  clay  to  have  low  permeability.    Where  the  shale  is  exposed,  A-7-6 
soils  with  group  indices  in  the  range  from  15  to  20  are  most  common; 
these  are  high-swelling,  silty,  bentonitic  shales  which  have  caused 
many  of  the  construction  problems  in  eastern  Montana,  including  those 
at  Fort  Peck  dam  and  the  Grass  Range  to  Malta  highway  connection.  The 
geological  descriptions  are  somewhat  misleading  when  they  imply  that 


there  is  a  clear  distinction  between  sandstone  and  shale  formations. 
Actually,  the  sandstone  formations  contain  numerous  shale  interbeds 
and  the  shale  formations  contain  sandstone  beds.    Thus,  the  alluvium 
along  valleys  and  swales  is  usually  a  combination  of  the  above  soil 
types  with  the  deleterious  features  of  the  shale  predominating. 

CLIMATE 

Rainfall  in  the  area  averages  about  12  inches  per  year;  about  half 
of  this  occurs  in  the  fall  and  winter  as  snow;  late  spring  and  early 
summer  are  usually  the  wettest  seasons.    Some  of  the  materials  are 
conducive  to  frost  action,  but  moisture  conditions  are  seldom  serious 
enough  to  result  in  major  damage  to  highways. 

TOPOGRAPHY 

The  area  studied  is  a  part  of  the  eastern  Montana  plains.  The 
dominant  topographic  features  are  the  major  stream  valleys  and  the 
moderately  dissected  plains  between  them.     There  are  no  mountains  or 
highland  features.      Glaciation,  which  covered  the  northern  part  of 
the  area,  left  only  minor  topographical  features.     Because  of  the 
soft  underlying  rocks,  stream  valleys  tend  to  be  shallow,  wide  and  al- 
luvium filled.     The  hard  beds  form  exaggerated  topographic  features-- 
cuestas,  mesas,  divergent  drainages.     Evidence  of  wind  erosion,  such 
as  blowouts,  is  not  uncommon.     Examples  of  badlands  topography  have 
developed  in  several  sandstone  areas. 

CONSTRUCTION  MATEPJALS 
The  location  of  various  construction  materials  and  the  classifi- 
cation in  which  the  materials  in  the  area  are  placed  was  a  major  part 
of  the  problem  under  study. 

Gravel  associated  with  and  derived  from  glacio-f luvial  activity 
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is  found  along  the  Musselshell  River  in  the  northwest,  along  Dry  Creek 
northeast  of  Van  Norman,  along  Fort  Peck  Reservoir,  and  along  the  Redwater 
River  in  the  east.     In  addition,  good  quality  gravel  occurs  along  the 
Musselshell  River  in  the  southwest  and  the  Yellowstone  River  south  of  the 
area.    The  glacial  and  fluvial  gravels  are  composed  of  predominantly  hard, 
durable  rock  types  derived  from  mountainous  areas  to  the  west  and  Canadian 
Shield  areas  to  the  north. 

Gravel  also  occurs  along  many  of  the  small  perennial  streams  of  the 
area.    This  gravel  is  a  concentration  of  the  harder  portions  of  the  sand- 
stone and  shale  and  will  be  referred  to  as  local  gravel  in  this  report. 
The  deposits  tend  to  be  thin,  discontinuous,  and  poorly  graded;  further- 
more, the  gravel  is  often  limited  vertically  by  beds  with  high  contents 
of  expansive  clay.    Some  gravel  beds  contain  enough  clay  to  create 
problems  with  plasticity  and  swell.    Few  pieces  are  very  hard  and  loss 
in  the  Los  Angeles  wear  test  is  usually  high — commonly  above  the  speci- 
fication limits.     Despite  short  distance  of  transport,  individual  frag- 
ments are  usually  rounded.    The  combination  of  some  or  all  of  these  fac- 
tors--particle  shape,  softness,  poor  gradation,  and  detrimental  fines-- 
usually  results  in  a  mediocre  product;  the  thin  erratic  deposits,  often 
under  considerable  overburden,  result  in  a  very  high-cost  product.  Pre- 
vious work  indicates  that  hydrated  lime,  or  portland  cement  modification, 
may  offset  some  of  the  more  detrimental  physical  aspects,  but  no  method 
of  accomplishing  a  drastic  reduction  in  production    costs  is  apparent. 

Quarry  sites  in  hard  sandstone  and  baked  shale  provide  one  of  the 
sources  of  materials  at  the  present  time.    Only  limited  use  has  been 
made  of  the  harder  sandstone  beds  or  "cap  rock"  as  quarry  material;  this 
material  is  usually  not  easily  available  in  sufficient  quantities  and  its 


durability  when  exposed  to  abrasion  is  poor.    Where  attempts  have  been 
made  to  use  crushed  sandstone  as  gravel  surfacing,  the  results  have  not 
been  satisfactory. 

Some  of  the  harder  igneous  dike  material  from  Smoky  Butte  was  used  as 
rip  rap  at  a  dam  near  Jordan;  the  rock  has  proven  durable. 

Baked  shale  deposits  are  erratically  distributed  in  the  northern 
and  eastern  parts  of  the  area.    Although  individual  deposits  are  small, 
there  is  often  a  series  of  deposits  in  close  proximity.    Where  the  baked 
shale  has  been  used  as  gravel  surfacing,  the  results  have  been  fair. 
This  material  is  light  and  porous,  and  is  not  strong  enough  to  resist 
severe  traffic  abrasion;  the  fines  are  usually  non-plastic  and  have 
high  absorptive  capacity.    This  absorptive  capacity  presents  a  serious 
problem  in  producing  an  asphalt  mat  from  baked  shale.    Asphalt  contents 
from  10  to  13  percent  are  often  required  for  a  mix  with  long  term  sta- 
bility, but  absorption  is  relatively  slow,  and  a  rich  mix  cannot  be 
placed  or  compacted. 

The  other  road  material  which  has  been  widely  used  is  decomposed 
sandstone.    Most  of  the  testing  thus  far  has  been  concentrated  on  this 
material.    The  range  in  quality  of  the  sand  is  shown  by  test  results 
in  figure  4.     The  sand  is  composed  of  angular  to  moderately  rounded 
quartz  grains  (75  to  90  percent),  altered  feldspar  (0  to  5  percent), 
mafic  and  opaque  heavy  minerals  (3  to  5  percent),  and  calcium  carbonate 
(3  to  15  percent),  and  variable  amounts  of  clay  minerals.    The  type, 
grain  size,  and  amount  of  clay  minerals  determine  plasticity  and  swell 
characteristics,  but  size  distribution,  roundness,  and  composition  are 
also  factors  determining  suitability  for  highway  use. 
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The  sand  has  been  used  in  several  instances  as  surfacing  on  low  traffic 
count  roads;  results  have  varied  from  fair  to  good  depending  on  the  qual- 
ity of  the  sand,  the  underlying  material,  and,  especially,  on  moisture  con- 
ditions . 

Sand  was  used  both  as  base  and  as  sand-asphalt  mat  on  about  70 
miles  of  road  in  semi -experimental  projects  constructed  during  1947  and 
1948.    Although  most  of  this  mileage  was  still  in  service  in  1963,  from 
a  maintanance  standpoint,  at  least,  the  experiments  were  not  very  suc- 
cessful.   Failure  patterns — extensive  mat  cracking  followed  by  disin- 
tegration and  shoving  of  the  mat — were  relatively  consistent  despite 
variations  in  asphalt  types,  mat  thicknesses,  and  base  thicknesses.  The 
shoulderless ,  steep  inslope  design  used  on  these  projects  resulted  in 
general  edge  failure.    The  prevalence  of  intensive  mat  cracking  and 
displacement  indicated  serious  strength  deficiencies  in  both  base  and 
mat . 

TEST  METHODS 

Maximum  use  of  standard  test  methods  was  deemed  desirable,  but 
some  of  the  materials,  especially  the  sand,  failed  to  show  consistent 
results  and  therefore  part  of  the  project  was  directed  toward  investiga- 
tion of  test  methods  which  would  be  meaningful  for  these  materials. 

The  Marshall  Method  is  used  for  flexible  pavement  design  in 
Montana.    Pavement  experimentation  was  done  by  this  procedure,  but 
reproducibility  of  test  results  with  sand-asphalt  combinations  was 
not  satisfactory;  much  closer  control  of  such  variables  as  tempera- 
ture and  mixing  conditions  is  required  with  these  materials  than  with 
gravel. 
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For  soil  cement  stabilization  experiments,  Portland  Cement  Asso- 
ciation methods  were  used  satisfactorily.     Strength  tests  were  run  on 
2-inch  diameter  by  2-inch  high  specimens;  freeze-thaw  tests  were  run 
on  standard  4-inch  by  4.6-inch  specimens. 

For  asphalt  stabilization  experiments,  there  is  no  agreement  on 
test  methods.    As  a  general  comparison,  a  simple  unconfined  compression 
test  wa3  run  using  2-inch  diameter  by  2-inch  high  specimens,  a  1  square 
inch  test  plunger,  and  uniform  rate  of  stress  increase.    One  specimen 
was  broken  after  three  days  curing  at  room  temperature;  duplicate 
specimens  were  broken  after  cure  and  three  day  immersion.  Reproduci- 
bility of  results  was  poor,  but  the  test  permitted  rough  classification 
of  the  materials. 

The  features  that  were  desired  in  a  test  for  asphalt  stabilized 
base  were: 

1.  Test  be  conducted  about  77°F 

2.  Use  of  relatively  large  specimens  (at  least  4-inch  diameter) 

3.  Specimens  to  be  broken  while  subjected  to  confining  pressure 

4.  Determination  of  moisture  resistance 

After  considerable  experimentation,  it  appeared  that  the  Hveem 
stabilometer  procedure  offered  the  best  possibilities  with  the  equip- 
ment available.     Later  work  indicated  that  cohesiometer  values  would 
be  significant  and  a  necessary  adjunct  to  the  "RM  or  "S"  values.  Mois- 
ture susceptibility  was  investigated  by  placing  stabilometer  specimens 
(in  plastic  molds  with  open  ends)  on  saturated  felt  pads  in  the  mois- 
ture room  (100  percent  humidity,  70°F)  for  various  periods  of  time  up 
to  28  days,  and  also  by  immersion  of  duplicate  specimens  in  the  molds. 

Standard  Proctor  Method  (AASHO  T-99)  was  used  for  maximum  density- 
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optimum  moisture  determinations  as  this  is  the  test  on  which  compac- 
tion specifications  in  Montana  are  based.     In  addition,  each  Proctor 
specimen  was  trimmed  to  2%  inch  height  and  tented  in  the  stabilometer 
for  "R"  value. 

Grading  and  liquid  limit-plastic  index  were  run  by  standard 
ASTM  methods.     In  addition,  liquid  limit  and  plastic  index  were  de- 
termined on  the  fraction  passing  the  200  mesh  screen.     Volume  swell 
specimens  molded  according  to  standard  Montana  procedures  were  pre- 
pared for  each  sample.    The  volume  swell  procedure  involves  mixing 
100  grams  of  the  fraction  passing  the  10  mesh  screen  with  enough 
asphalt  to  get  good  coverage,  molding  2-inch  diameter  by  2-inch 
high  specimens  at  a  single  plunger  static  load  of  200  pounds  per 
square  inch,  immersing  the  specimens  for  8  days,  and  determining 
the  amount  of  swell  by  mercury  displacement  before  and  after  im- 
mersion.    On  many  samples  such  additional  tests  as  Field  Moisture 
Equivalent,  Linear  Shrinkage,  and  Specific  Gravity  were  also  run. 

BASE  COURSE  INVESTIGATIONS 

GRAVEL 

Work  on  gravel  materials  in  the  area  was  restricted  to  inven- 
tory, field  examination  of  several  deposits,  and  sampling  these  de- 
posits.   Considerable  data  is  available  on  these  materials  from  past 
use  in  various  projects.    Test  results  on  typical  gravels  previously 
tested  are  shown  in  figure  6.     (A)  is  glacial  gravel  from  the  area 
northeast  of  Van  Norman,  (B)  is    stream-concentrated  material  from 
Dry  Creek  near  Jordan,  (C)  is  colluvial  sandstone  gravel  from  the 
southern  part  of  the  area  near  Ingomar. 


QUARRY  MATERIALS 

No  intensive  work  was  done  on  quarry  materials  for  base  course. 
Harder  sandstone  beds  have  many  of  the  problems  of  the  local  gravel 
deposits;  they  are  soft,  quite  variable  within  a  deposit,  and  often 
thin,  discontinuous,  and  deeply  covered. 

Scoria  has  been  used  principally  for  gravel  surfacing  and  its  use 
will  be  discussed  under  surfacing .     Igneous  material  from  Smoky  Butte 
was  used  in  a  dam  near  Jordan,  but  the  nature  of  the  deposit  must  have 
required  careful  selectivity  to  get  uniformly  satisfactory  material. 

SAND 

Because  of  its  very  wide  distribution  in  the  area,  sand — de- 
composed soft  sandstone--was  the  object  of  the  bulk  of  testing.  As 
previously  mentioned,  the  sand  has  been  used  for  both  base  course  and 
sand-asphalt  mat  with  fair  to  poor  results.     Several  other  states, 
however,  have  used  sand  extensively  with  reportedly  good  results. 

Figures  7A  and  7B  show  the  results  of  "R"  value  tests  on  Proctor 
density  specimens  for  some  of  the  better  sands.    The  maximum  "R"  values 
are  barely  adequate  for  base  under  low  traffic  secondary  roads.  The 
"R"  values  for  most  samples  show  sharp  decreases  for  moisture  contents 
greater  than  optimum  (the  point  of  maximum  stability  is  commonly  1  to 
3  percent  drier  than  optimum  moisture).     Sample  35  is  essentially  co- 
hesionless  and  shows  nearly  constant  "R"  value  beyond  optimum  moisture. 

In  all  cases  it  appears  that  stabilization  is  needed  before  the 
sands  can  be  used  as  base  for  medium  traffic  primary  and  secondary 
roads.    Experimentation  was  conducted  with  asphalt  2nd  portland  ce- 
ment stabilization.    Selection  of  samples  for  this  experimentation 
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was  based  on  the  test  results  shown  in  figure  5,  geological  source, 
and  geographic  source.    Samples  marked  with  an  asterisk  were  selected 
for  detailed  study. 

PORTLAND  CEMENT  STABILIZATION 

The  results  of  portland  cement  stabilization  of  six  of  the  sand 
samples  are  shown  in  figures  8A,  8B  and  8C.    Minimum  7-day  strengths 
based  on  Portland  Cement  Association  data  range  from  240  psi  to  280 
psi;  these  strengths  were  obtained  at  cement  contents  ranging  from  5 
to  7  percent  for  the  decomposed  sandstone  samples  and  at  9  percent  for 
sample  35,  the  clean  stream  sand.    Freeze-thaw  resistance—the  major 
criteria  in  soil  cement  design—was  only  satisfactory  at  cement  contents 
of  6.7  to  9.0  percent,  well  above  cement  contents  at  minimum  7-day 
strengths,  but  below  contents  often  required  with  soils  in  this  class. 

Although  further  testing  of  a  specific  deposit  would  be  neces- 
sary, it  appears  that  portland  cement  stabilization  may  be  economic- 
ally feasible  in  parts  of  the  area  where  gravel  is  absent  and  sand  can 
be  produced  with  a  minimun  of  treatment. 

SAND-ASPHALT  STABILIZATION 

Sand-asphalt  stabilization  experiments  drew  much  of  the  research 
effort  on  this  project  for  several  reasons: 

1.  A  considerable  amount  of  work,  including  construction, 
was  previously  done  on  sand-asphalt  combinations  and 
the  result  of  this  work  can  be  evaluated  to  some  extent. 

2.  Sand-asphalt  surfacing  and  sand-asphalt  base  stabiliza- 
tion have  many  of  the  same  problems. 


3.  Asphalt  stabilized  sand  should  heva  less  tendency  to 
crack  because  it  does  not  have  the  volume  change  or 
the  hydration  reactions  of  portland  cement. 

4.  Sand-asphalt  stabilization  should  be  amenable  to 
stage  construction. 

Results  of  a  simple  immersion-compression  test  on  all  of  the 
specimens  are  shown  in  figure  9.    Further  work  on  the  samples  selected 
for  additional  testing  showed  that  the  strength  results  from  this  test 
cannot  be  reproduced  within  acceptable  limits.    These  tests  do  permit 
some  pertinent  general  observations,  however.     It  is  apparent  that  the 
usual  aggregate  specification  limits  on  volume  swell  (max.  15  per- 
cent), liquid  limit  (25),  plastic  index  (6),  are  also  applicable  to 
sands;  there  is  a  fair  correlation  between  such  tests  as  field  mois- 
ture equivalent  and  geological  formation.     It  is  also  apparent  that 
even  where  there  is  a  strong  similarity  between  sand  samples,  the 
test  results  can  vary  widely. 

Typical  grain-size  analyses  for  sand  samples  from  several  for- 
mations are  shown  in  figure  10A,  10B  and  IOC;  the  concentration  of 
particles  in  a  small  range  of  sizes  is  evident  from  both  the  "per- 
cent passing"  curve  and  the  histogram.    Although  there  may  be  some 
formational  peculiarities  in  the  grading,  there  is  a  gross  similarity 
between  the  sand  samples  from  all  of  the  formations.    This  similarity 
explains  the  initial  concentration  of  the  work  on  the  sands;  procedures 
which  are  effective  with  any  of  the  sand  samples  would  lead  to  so- 
lutions for  sands  throughout  the  area.    The  poor  size  distribution 
which  is  a  characteristic  of  these  sands,  explains  the  difficulty  in 
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reproducing  results  with  "standard"  procedures.     Instead  of  one  or 
two  major  factors  such  as  grain  interlock,  there  are  numerous  factors 
which  assume  major  importance  under  certain  conditions  and  some  of 
these — grain  shape  and  surface  for  instance — are  not  evaluated  by  our 
standard  tests. 

After  investigating  various  test  procedures  commonly  used  with  sand 
mixes,  it  appeared  that  the  Hveem  stabilometer  or  triaxial  shear  proce- 
dures offered  the  most  comprehensive  and  usable  results.    A  search  of 
the  literature  indicated  that  asphalt  contents  for  initial  stabilization 
tests  are  generally  determined  from  the  empirical  data--percent  of  sam- 
ple passing  the  200  mesh  screen  or  a  grading  formula  such  as:  Percent 
asphalt  »  0.015  (percent  +  10M)  +  0.02  (-10M  +  40M)  +  0.03  (-40M  +  200M) 
+  0.09  (-200M).    The  results  of  Hveem  stabilometer  tests  using  SS-1H 
emulsions  at  these  arbitrary  asphalt  contents,  are  shown  in  figure  9. 
These  samples  were  mixed  with  the  minimum  amount  of  water  which  would 
permit  a  uniform  mix  (usually  about  the  optimum  moisture  of  the  soil), 
then  the  indicated  amount  of  SS-1H  was  incorporated;  the  sample  was 
dried  to  optimum  moisture  (water  +  emulsion)  and  compacted  in  a  4-inch 
ID  plastic  mold.    The  sample  in  the  mold  was  cured  until  there  was  ap- 
proximately 4  percent  water  remaining  (an  arbitrary  estimate  of  field 
drying  efficiency).    One  sample  was  tested  for  "R"  value  in  the  stabil- 
ometer and  duplicate  samples  were  put  on  felt  pads  in  the  moist  room 
for  various  periods  of  time  and  then  tested. 

The  "R"  values  are  related  to  the  moisture  and  also  to  the  den- 
sity, so  close  control  of  these  factors  is  necessary.    Specimens  which 
were  tested  after  complete  immersion  showed  much  greater  absorption 
and  greater  strength  loss  than  specimens  which  were  placed  on  felt  pads; 
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in  practice,  a  short  terra  moisture  susceptibility  test  would  be  more 
desirable.    There  were  large  differences  in  cohesion  between  the  various 
samples,  which  is  not  adequately  shown  in  the  test  results;  cohesiometer 
values  should  be  obtained  in  addition  to  the  "R"  values. 

The  SS-1  emulsion  was  selected  for  use  after  a  series  of  prelim- 
inary tests  indicated  that  cationic  emulsions,  even  the  slow  setting 
types,  "broke"  almost  immediately  on  contact  with  the  sand.    The  min- 
imum moisture  content  required  for  uniform  mixes  was  generally  about 
the  optimum  moisture  for  the  sand. 

Other  work  done  by  the  laboratory  indicated  that  adhesion  of  as- 
phalt to  mineral  surfaces  can  be  greatly  improved  by  additives.  To 
determine  if  the  benefits  from  additives  would  be  reflected  in  improved 
water  resistance,  eleven  additives  in  various  proportions  from  %  to  1 
percent  (by  weight  of  100-120  asphalt  cement)  were  hot  mixed  with  sam- 
ple 32;  although  several  additives  may  warrant  additional  investigation, 
neither  the  dry  nor  the  immersed  strengths  were  significantly  better 
than  the  strength  of  specimens  without  additive. 

SURFACING  COURSES 
Previous  attempts  to  overcome  the  poor  distribution  of  quality 
surfacing  materials  have  centered  on  sand-asphalt  combinations  and 
baked  shale  surfacing;   in  addition,  maintenance  has  made  wide  use 
of  stream  gravel  derived  from  sandstone  and  shale.    The  sand-asphalt 
combinations  required  extensive  maintenance  2  to  3  years  after  con- 
struction regardless  of  the  sand  or  asphalt  used.    The  baked  shale  and 
local  gravel  have  given  fair  to  good  service.    Crushed  sandstone  sur- 
facing has  only  been  used  a  few  times;  the  results  were  fair  to  poor. 
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Marshall  tests  results  on  sand-asphalt  combinations  are  shown  in 
figure  11.    The  most  persistent  features  of  these  tests  are  the  high 
voids  of  the  mixes  and  their  sensitivity  to  excess  asphalt.    The  high 
voids  may  partly  explain  the  strong  tendency  for  these  mats  to  crack. 
Not  only  is  the  strength  of  the  mixes  largely  due  to  the  asphalt,  rather 
than  to  interparticle  friction,  but  also,  as  shown  in  work  by  the  Asphalt 
Institute,  the  leniency  for  the  asphalt  to  harden  is  related  to  the  amount 
of  voids  in  the  mix. 

The  relation  of  high  voids  to  gradation  was  investigated  by  addit- 
ion of  portland  cement  to  sample  16  and  by  blending  sample  16  with  var- 
ious proportions  of  -200  mesh  from  local  alluvial  silt  (sample  5).  The 
results  of  these  tests  are  tabulated  below;  the  resulting  grading  curves 
for  the  mixtures  are  shown  in  figure  12.    Although  the  tests,  run  in 
three  series,  emphasize  the  problem  of  obtaining  consistent  results, 
they  show  in  general  that  a  beneficial  reduction  in  voids  of  these  as- 
phalt mixes  requires  addition  of  relatively  large  amounts  of  filler.  The 
cost  of  commercial  additives  would  appear  prohibitive;  addition  of  nat- 
ural fines  may  be  practical  in  some  areas,  but  problems  arise  involv- 
ing high  asphalt  contents  and  there  is  difficulty  achieving  a  consis- 
tent, uniform  mix. 

The  decomposed  sandstone  samples  contained  enough  clay  to  impart 
some  cohesive  strength.    The  alluvial  sand  is  virtually  cohesionless  and 
all  specimens  made  with  this  sand  were  fragile  and  weak;  blends  of  this 
sand  and  several  silty  samples  reduced  the  voids  and  resulted  in  Marshall 
strengths  near  1500  pounds  as  compared  to  strengths  less  than  500  pounds 
from  sample  35  alone. 

Addition  of  coarse  material  should  likewise  cause  significant  im- 
provement in  voids  and  strength  of  the  sand  mixes,  but  the  absence  of 
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good  coarse  material  is  the  crux  of  the  problem. 


Sample 

16 

Marshall 

Filler 

%  Asphalt       7.  Voids 

Strength 

0 

ft  s 

76  R 

fcH  •  O 

1904 

4  PC 

6.5 

25.3 

1020 

ft  pp 

6.5 

25.4 

8  PC 

6.5 

24.5 

1143 

10  F 

7.0 

22.0 

1579 

12  F 

7.0 

21.6 

1648 

14  F 

7.0 

20.3 

2062 

20  F 

7.5 

18.7 

1535 

25  F 

7.5 

18.3 

1700 

PC  is  portland 

cement 

as  added  7* 

F  is  -200M  alluvial  silt  (sample  5) 

BAKED  SHALE  SURFACING 

Baked  shale  has  been  widely  used  in  the  area  as  surfacing  gravel, 
but  it  is  seldom  used  in  bituminous  pavements  because  of  its  very  high 
absorption.  Furthermore,  the  rate  of  absorption  is  relatively  slow  so 
that  large  amounts  of  asphalt  cannot  be  added  to  an  initial  mix.  Al- 
though the  strength  of  baked  shale  is  minimal  by  some  standards,  tests 
indicate  that  solution  of  this  absorption  problem  might  result  in  a 
high-strength  scoria-asphalt  mix. 

Filling  the  baked  shale  pores  before  adding  asphalt  is  one  way  of 
reducing  absorption.    Sodium  silicate-calcium  chloride  treatment  appeared 
to  do  this  to  some  extent,  but  the  procedure  is  involved  and  expensive. 

Solution  of  the  absorption  problem  (but  not  the  high  asphalt  re- 
quirement) appears  possible  by  addition  of  part  of  the  asphalt,  followed 
by  a  warm  weather  cure  and  absorption  period,  the  addition  of  the  remain- 
der of  the  required  asphalt,  and  placing  the  mix.    This  procedure  pre- 
sents some  serious  problems  in  control  of  the  asphalt  content  and  thor- 
oughness of  absorption. 

On  the  assumption  that  most  of  the  absorption  is  in  the  fines,  a 
combination  of  +4  mesh  baked  shale  with  local  sand  fines  were  tested. 
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Marshall  test  results  are  shown  in  figure  13.    A  curing  period  greatly 
added  to  the  strength  of  the  mixes  when  they  were  compacted  well  above 
the  optimum  asphalt  content  as  indicated  by  the  Marshall  test.    The  gap 
in  grading  between  the  sand  and  the  baked  shale  was  shown  by  extractions 
to  be  partly  filled  by  the  breakdown  of  the  baked  shale  during  impact 
compaction. 

SUBGRADE 

The  possibility  of  modification  of  the  more  objectionable  soils — 
the  highly  expansive  A-7-6  soils — in  the  area  was  investigated  in  con- 
nection with  another  project.    Test  results  of  the  clay-shale  are  shown 
in  figure  14.    Portland  cement  and  hydrated  lime  were  used  individually 
as  stabilizers;  as  work  by  several  researchers  has  shown  good  results 
with  phosphoric  acid  or  combinations  of  hydrated  lime  and  portland  ce- 
ment, these  were  also  used.    Variation  in  curing  procedures  and  in  the 
sequence  of  additives  and  water  were  investigated  and  the  procedure 
yielding  the  best  strengths  was  used.    Test  results  with  the  shale  from 
this  project  clearly  show  that  even  large  amounts  of  additives  do  r.ot 
satisfactorily  modify  the  shale.    Modification  of  the  plasticity  and  swe 
properties  of  the  shale  was  accomplished  at  high  additive  concentrations 
Strength  gains  at  higher  additive  concentrations  were  small,  and  at  no 
point  was  the  strength  commensurate  with  the  amount  of  additive.  This 
work  is  based  on  Bearpaw  shale  subgrade  samples  from  a  short  section 
between  Ingomar  and  Vananda,  but  further  work  may  show  that  the  general 
conclusions  apply  to  all  of  the  highly  expansive  shales  in  the  area. 

Another  aspect  of  subgrade  materials,  which  received  attention,  in- 
volved factors  determining  the  condition  of  unpaved  roads.    Most  of  the 
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selected  sites  were  on  unsurfaced  roads,  but  one  site  had  a  thin  sand 
surfacing.    Samples  were  taken  at  adjacent  good  and  poor  sections  of 
the  road.    Results  of  tests  to  determine  to  what  extent  materials, 
drainage  and  topography  affected  the  roadway  condition  are  shown  in  figure 
15.    Field  observations  indicated  the  importance  of  drainage  and  top- 
ography.   The  laboratory  test  results  strongly  indicate  the  importance 
of  materials  characteristics.    Actually,  there  was  a  coincidence  of  con- 
trolling factors;  topographic  conditions  resulting  in  poor  drainage  con- 
ditions also  result  in  concentration  in  the  soil  of  the  finer  and  less 
desirable  portions  of  the  bedrock.    Design  factors  have  a  minimum  in- 
fluence on  the  selected  sites. 

CONCLUSIONS 

BASE  COURSE 

Results  of  the  study  indicate  that  stabilization  is  required  for 
local  sands  before  they  can  be  used  satisfactorily  for  base  course. 
Tests  on  portland  cement  stabilization  showed  adequate  strength  and 
durability  for  selected  samples  in  the  range  from  6  percent  to  9  per- 
cent cement.    Because  of  erratic  test  results,  no  definite  conclusions 
could  be  reached  with  regard  to  the  feasibility  of  asphalt  stabilization. 

The  most  practical  use  of  sand  is  for  subbase  where  the  subgrade  is 
expansive  shale  or  clay.    For  this  use  sand  can  replace  gravel,  although 
the  sand  must  be  protected  from  erosion  and  extreme  moisture  changes.  As 
subbase,  the  sand  will  adequately  prevent  the  intrusion  of  clay  into  the 
base  course  gravel  or  minimize  displacement  of  overlying  stabilized  base. 
The  sand  should  have  sufficient  fines  to  bind  it  together  and  make  it 
essentially  impermeable.    Very  few  of  the  sands  in  the  area  are  too 
"clean"  for  good  subbase,  but  there  are  quite  a  number  which  are  un- 
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suitable  because  of  high  plastic  indices  and  swell  potential. 
SURFACING 

The  high  void  volume  of  the  sand-asphalt  mixes  is  an  inherent  charac- 
teristic which  adversely  affects  the  use  of  these  mixtures  for  surfacing. 
Addition  of  sufficient  asphalt  to  reduce  voids  appreciably  creates  a 
very  unstable  mixture;  addition  of  mineral  fillers  in  amounts  up  to  10 
percent  does  not  result  in  significant  improvement;  addition  of  nat- 
ural fines  to  partly  rectify  the  grading  deficiences  complicates  mix- 
ing procedures  and  increases  asphalt  requirements. 

Baked  shale-asphalt  surfacing  is  only  practical  if  absorption  can 
be  reduced  to  where  asphalt  contents  are  reasonable  and  mats  have  long 
term  durability  and  stability.    Experiments  along  this  line  were  only 
partly  successful. 

Use  of  sandstone-derived  stream  gravels  results  in  a  mix  of  ad- 
equate stability,  but  use  of  hydrated  lime  or  portland  cement  should  be 
considered  where  swell  tests  indicate  adverse  fines  characteristics. 

DESIGN  CONSIDERATIONS 
Examination  of  previous  test  sections  indicates  that  the  most 
important  element  in  geometric  design  of  roads  using  sand  base  involves 
the  shoulder  area.    These  test  sections  used  a  base  material  of  mar- 
ginal maximum  strength  and  a  narrow-shoulder,  steep-inslope  design.  In 
addition,  the  mats  were  from  1%"  to  2"  in  thickness,  which,  by  any  design 
based  on  subgrade  strength,  is  structurally  unsound.    The  maximum  strength 
of  the  sand  is  developed  at  moisture  contents  slightly  below  optimum  and 
is  partly  dependent  on  confining  pressure  which  is  a  minimum  at  the  shoul- 
ders.   There  is  a  moderate  to  sharp  decrease  in  strength  at  moisture 
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contents  in  excess  of  the  moisture  at  maximum  strength.    Because  of  the 
high  capillarity  of  the  sand,  it  easily  loses  or  acquires  moisture  at 
the  critical  shoulder  areas.  Certainly  any  design  utilizing  sand  should 
include  adequate  shoulders  and  inslopes  designed  with  allowance  for  ad- 
verse moisture  conditions  and  reduced  strength.    Observations  of  cracking  of 
rigid  base  sections  in  other  areas  (mostly  over  A-7-6  subgrades)  indi- 
cates that  such  shoulder  design  considerations  are  equally  pertinent  to 
rigid  bases. 

For  thickness  design  on  stabilized  base  sections  it  has  been  the 
practice  to  use  considerably  thinner  total  sections  that  would  be  indi- 
cated by  exudation-expansion  pressure  tests  or  Allen  classification  cri- 
teria.   Cracking  is  common  to  such  rigid  base  sections,  and  the  uneven- 
ness  associated  with  this  cracking  where  subgrade  is  especially  expan- 
sive would  indicate  that  attention  should  be  given  to  increasing  the  to- 
tal thickness  by  addition  of  non-expansive  subbase  where  adverse  subgrade 
conditions  are  encountered. 


-20- 


ft 

[ 

: 


0) 

P  H 

3  rH 

H  0) 

o  ? 

>  CO 


cm3  +-  +■  + 

cnmoooj-oiDrHoor^uaofOj-r-md-ocNOcooOrHiHCNCoiDooLnocn 
n  pi  HH  MOi(NOiinh[\iDO>j-msint^ino[NOiflOiiDU)u3r)(\iHmiDOj 

»rl    rl        rH  i-H  rH  CN  COCOr-lrH  rH  CO 


o 

•iH  > 
4-> 

•H  «H 
O  > 
D  H3 
n,  c. 


i 

I  d- 


I  d 

I  ID 
I 

1  CN 


ID  CO 
ID  ID 


Ol  CN  O 
ID  [ 


CJ  CN  CM     I  CN 


P.  > 

Zi  4-> 

C  >H 

•H  t/J 

X  c 

m  a) 


I  I  4hI 

I  o  I 

I  •  I 

I  3-  I 

I  rH  I 

I  rH  I 


1      I    CO  I 


I  Cn 
I  O 


I  ID 
I 

I  O 


I  in  J  o    l  co  > 
I 
I 


CO  CT-  rH 

O  O  H 
H  H  rH 


I  00  CO  I  I  I 
I  O  O  I  I  I 
I    H  H    I     I  I 


I  in 
I  o 


I 

I  c- 

I  • 

i  r- 

I  cn 


t 

I  in 
l  o 

I  rH 


r  3 

8-g 


i  i  i  i 

I      I      I   c\°  I 

i    I    I  r—  l 


I    l    I  co  I 


I  CO  I 
I     rH  I 


I  CN 


I    CO   Ol  03     I    CN  ID 


l  in   i  in  r-  cm 


J  to  I    i  i 


I     rH     I     rH    rH   rH      I     rH    rH  | 


I 
I 

I  rH 
I 

I  in 

I  rH 


I  OO 
I  CO 


!*  i 

I  in  i 
I  •  I 
i  co  i 

I    rH  i 


It)  c 

c  f-, 


OOCNOICNCOOOOCJICnOrHlDlDOd-d-OCNOlDCOlDlDOOOUDOlDCO 

o  o  o  H  cn  r-i  o  o  o  it-  H  o  co  co  o  o'  a  o  o'  h  o  h  o  h  o  o  o  o  o~o  o 


c>  to  h  n  cn  s  is  co  t>  cd  to  i~  r>  co  ■(?>  co  l^-id  t>  o  oi  ^  oo  o>  cd  oi.co  cb  i>  t>  t»>  csi 

WCNICOCNCNCNNCNOJMCNNCNNHNCNCNCNnNnMNCNCNCNMNCNNW 


o 


o  co  co  co  0-  p..  ^hOOHCOirnsd-MOOinonojHiflM^PiOjCNcn 

rH  2  "       H  H  H  N                              in                cn       rH       2;  S       rH  ;-J- 

it  ft  CO  hC)  J  CO  O  Ol  CO  J  d-  M1  CI  h  H  10  *  H'f)  O  CN  M  CD  1/1  «0  B  P<  Ph  (M  CM  ^'W 

ns(0(N<Nc,)(NCNncocoJ■J■Jf^lcoconnc(ln^nlnl(lJconz2n^)^n 


Ph  Ph  CO  Pj  CN;  Ph  Ph  gu  Ph  d-  Pj  PjV  ^  ^  ^  £^  ^       ^  ^        ^  ^ ^  ^  ^        ^  ^  ^  m  & 

C-  ,P,  n  O  H  J  J  Pi  Ml)  O  H.  CNOC.  P.^fUfuafUlDCNlOtliPHfttll.ft.^lJlCliPH 

r::  co  cn  cm  cn  cn  !r*  ;~r.  co  CM  "  co  ro  tr.  rr  7*  ~:       co       n  cn  cn  K  ?!  n  5       R  ^  cn  2  a 


lOocomrHomrHO  co  oi  o  oi  o  in  to  oocomrHOcooooioocntDco  io  id  cn  h 

tSCNlOCNOHHCOHHONH  H   H  r-{    rH    r-{   r-i  rH  rH  rH  H   U3   H  H 


o^HmHo^^OlnHco(^l^lncocolnlD^c(la)^HOcoc^l^(NOCl)cN(NO^ 

HajlOCNjCNHi-CNHd-nH  rHrHrHrHrHrHCNrHrH  HHP)  CN    ^    CN  H 


lDHCN01001CvnCNiniDCOOCOO)00)CO>a'CNnOWi,)ha)COO>hJCOCN 

r^i£)cnoiocj>CT>cnait^cDa3  0oococ^ 

,-|  ^-1  rH  rH 


rH 

H 

O 

O 

a 

CO 

m 

m 

o 

m 

o 

cn 

CN 

CO 

o 

o 

cn 

o 

r- 

O 

o 

o 

cn 

o 

o 

o 

o 

o 

o 

CO 

o 

o 

e  ) 

CO 

1- 

CD 

o 

o 

o 

CT) 

CO 

cn 

cn 

o 

cn 

o 

cn 

cn 

Ol 

o 

o 

cn 

o 

cn 

o 

O 

r- 

cn 

o 

o 

o 

o 

o 

o 

cn 

o 

o 

rH 

rH 

H 

rH 

rH 

rH 

rH 

rH 

rH 

H 

H 

H 

H 

r-i 

H 

H 

rH 

H 

rH 

CO 

in 

o 

O 

o 

o 

O 

cn 

in 

CD 

o 

Ol 

o 

o 

CO 

cn 

o 

o 

o 

o 

o 

O 

o 

d 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

CO 

o 

o 

o 

o 

o 

o 

cn 

CO 

CD 

o 

(31 

o 

o 

cn 

cn 

O 

o 

o 

o 

o 

o 

o 

r- 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

H 

H 

H 

rH 

H 

H 

H 

H 

i — f 

rH 

rH 

H 

rH 

H 

rN 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

H 

cn 

d 

CO 

rH 

in 

d- 

CN 

d- 

CN 

d- 

3" 

CN 

r 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

d- 

cn 

1 

1 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1. 

1 

1 

1 

1 

1 

i 

1 

1 

rU 

co 

CN 

J- 

d- 

CN 

CN 

CN 

CN 

CN 

d- 

CN 

CN 

CO 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

d- 

CN 

CN 

rH 

C_) 

<c 

< 

<; 

< 

< 

< 

«c 

< 

< 

< 

< 

< 

< 

< 

«JJ 

< 

< 

< 

<c 

< 

< 

< 

< 

< 

< 

< 

< 

< 

<c 

< 

< 

< 

< 

< 

w 

M 

(.i 

[J 

w 

w 

w 

w 

w 

w 

IA 

u 

w 

w 

w 

W 

u 

W 

u 

w 

W 

w 

W 

w 

W 

w 

w 

w 

w 

w 

w 

[J 

w 

CM 

CN 

CN 

H 

rH 

d- 

d 

d" 

d- 

d 

3- 

cn 

cn 

CO 

in 

in 

CO 

rH 

H 

rH 

rH 

d- 

in 

t- 

cn 

o 

cn 

c~- 

in 

CN 

CO 

CO 

cn 

cn 

co 

CO 

CO 

CO 

CO,  CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

co 

CO 

co 

CO 

d 

d- 

d- 

d- 

d 

CO 

CO 

CO 

CO 

55 

z 

£-> 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

r~- 

CO 

cn 

cn 

o 

in 

in 

d" 

ID 

CO 

CO 

CO 

o 

CO 

CO 

CO 

f- 

rH 

o 

H 

rH 

H 

i— 1 

rH 

rH 

rH 

H 

rH 

H 

H 

rH 

rH 

H 

H 

H 

H 

H 

H 

rH 

H 

CN 

rH 

H 

rH 

H 

H 

CN 

CN 

o  o 

Q  CD 


r|r^Hl^)lnlnln^cocolnolOlHcnJa)lnr^-^-^CN-^lOCO^CNCDlno-^  Jin  H 
COnntOCHNCNCNCNCN        r-i  <~\  m        CN  CN  n  CO  CN  CO  (N  CO 


H  H  H  CN  CO  CO  CN 


rH    CM    CO  Zj" 


m 
in  io 


<  cn 

co  cn  cn 


<  fO 
rH  rH 
H  rH 


TO 

-fmcDC^cocncNcoiiooociiHcNcoinioococr) 

rlHHHHHCNCNCNCNCNCNCOCOCOCOCOCOCOP) 


rial 

CD 

at 

e 

' — • 

xj 

ne 

ne 

ne 

- — ^ 

X) 

•o 

rO 

o 

o 

o 

a> 

ro 

ro 

O 

+j 

■H 

■h 

c 

o 

co 

O 

u 

w 

10 

CO 

0 

o< 

(h 

CD 

CD 

0) 

co 

X) 

X) 

X) 

+J 

X) 

Jh 

H 

H 

rH 

H 

P 

c 

CO 

rd 

01 

CD 

f= 

F: 

CD 

ra 

<u 

CD 

rO 

e 

<U 

ro 

rfl 

at 

CD 

(t) 

CD 

to 

rd 

a> 

CD 

at 

CD 

CD 

a) 

X) 

ra 

CO 

c 

c 

3 

3 

c 

x: 

c 

c 

JZ 

3 

c 

;c 

s: 

c 

P 

CO 

P 

p 

00 

p 

oo 

P 

c 

R 

p 

p 

r. 

p 

oo 

C 

3 

o 

o 

•H 

•H 

o 

CO 

o 

o 

co 

•H 

o 

CO 

co 

o 

o 

o 

o 

o 

0 

o 

o 

o 

0 

o 

rd 

o 

•H 

■H 

4-> 

> 

> 

4-> 

4-> 

•H 

> 

■H 

+J 

4-> 

>l 

■H 

+-> 

>*> 

+■> 

■h 

fj 

■p 

■H 

-M 

+j 

to 

■H 

> 

CO  CD 

3 

3 

to 

>1 

10 

w 

>» 

3 

c/i 

>> 

>i 

to 

to 

a) 

11 

to 

a> 

CO 

CD 

to 

to 

in 

M 

to 

(0 

ra 

CO 

3 

xj 

X)  rH 

H 

H 

X) 

X) 

X> 

X) 

X) 

H 

•a 

X) 

XJ 

X) 

rH 

X) 

X) 

>,x> 

H 

x> 

X) 

X) 

X) 

X) 

XI 

0) 

CO 

XI 

rH 

c 

C  rti 

H 

rH 

c 

p 

c 

e 

a 

H 

c. 

R 

c 

n 

c 

rfl 

c 

c 

ro 

c 

rd 

p 

B 

P 

R 

R 

a 

R 

o, 

c 

H 

rd 

rd  X. 

O 

o 

m 

ro 

TO 

rd 

rfl 

O 

ra 

ra 

rd 

rfl 

a) 

X. 

ra 

rd 

H 

ID 

,P 

rd 

ra 

rd 

ID 

ro 

rd 

•  iH 

+J 

rd 

O 

CO 

CO  CO 

a 

O 

CO 

00 

CO 

CO 

to 

U 

to 

co 

CO 

co 

CO 

00 

00 

CO 

O 

00 

00 

00 

00 

00 

00 

C/3 

00 

Oh 

00 

to 

u 

1 

TO 

CO 

J-  i 

CO 

in 

1 

to 

i 

1 

1 

I 

1 

00 

CO 

I 

1 

ai 

1 

10 

rH 

o 

o 

f- 

CN 

H 

CN 

CI 

at 

in 

in 

iSt 

ro 

CO  1 

H 

H 

1 

CN 

I 

1 

1 

ro 

I 

1 

rH 

00 

I 

1 

CO 

1 

rH 

rH 

CN 

H 

CN 

in 

CO 

in 

CN 

oo 

CN 

in 

H 

M 

si 

r- 

r-  i 

i 

CO 

at 

1 

O 

i 

1 

1 

CO 

I 

1 

rH 

in 

I 

ro 

1 

CO 

CN 

CO 

r- 

at- 

in 

CN 

CO 

lO 

at 

H 

CO 

1 

0) 

n. 

cn 

CO  1 

i 

at 

1 

in 

i 

1 

o 

I 

1 

ID 

1 

cn 

1 

r- 

r- 

CO 

io 

=f 

ro 

00 

rH 

at 

CO 

d- 

CO 

co 

rH  1 

H 

l 

H 

i 

1 

J 

H 

1 

T< 

! 

1 

H 

1 

-H 

H 

rH 

rH 

H 

H 

rH 

+ 

1 

>i 

■H 

CN 

CO  | 

i 

o 

o 

in 

I 

1 

1 

in 

i 

in 

CO 

i 

1 

O 

m 

ai 

CN 

r~ 

cn 

CN 

at 

CO 

Ol 

CN 

CO 

lO  • 

to 

in 

u 

(/) 

01 

O  1 

i 

o 

in 

! 

o 

i 

1 

1 

r- 

I 

i 

a> 

CO 

i 

1 

o 

j 

at 

CO 

r- 

at 

CN 

CO 

CO 

CO 

ai 

rH 

r- 

to 

Pi 

n. 

CM 

dr  i 

i 

CO 

Ol 

i 

CD 

I 

1 

1 

CN 

1 

1 

CO 

rH 

i 

1 

in 

at 

10 

CO 

lO 

in 

CN 

CN 

CO 

CO 

H 

r- 

r- 

to 
>> 

TO 
X) 


XI 
tt) 
U 
3 
O 

CO 
0) 

rH 

n. 

rO 
W 

>,  Cab 

c 

3 

•  o 


+J  ro 

0)  . 
P',  00 


co  r> 

CO  CN 


I  in  r-  I  at 


i  o    |  | 


CD  CT) 
CN 


CO 
CN 


in    CO    01    CD  rH 


o  in  in  10  aj- 
ar)- CN  CO  CN  lO 


co  in 
cn  o 


CN  CN 

co  r- 


l  to  I  I  C~-  CO 
I  in   l    l  co  o 

I  l     I  rH 


CJ)t-~Oa-)-a3-a-iOOcOt^r-r> 
inCNCOlOf-COinrHCOCnOrlCN 


o  lO 
o  CO 

co  co 


o  o 

O  CO 
lO  o 


o 
co 
at 


o 

00 
CN 


o  o 
rH  in 
r-  co 


+  + 

I     lOOOrHCOrHrHOCDrH  OO 

I  oomas-oOrHCNrHCNininco 
■  aj-cncor-'DCNCNCocorHcoco 


■H  X) 

a>  rc 
P4  4  J 

CO 


+J  rO 

co  ro 


co  ro 


O  Ol  H  of 

CO  CO  CN  aj-  J- 


rotocNOiodooooorHc^cnocococnincoinrHcnincNr--o 
arj-arj-  cn  in  in  ^  at        CO  nMCNiDOiiDiDHat 


m  at 
ro  co 


I  cn  co  o  oo  CD  o 
I  co  ro  ro  co  cn  co 


CO  CO 
CD  CN 


in  in  o 
cn  co 


hl0  01MinO(0(NO)irl 
rH   rH   rH    rH    CN   rH    CN  CN 


H  +  + 

w  inroocNcoinOrHOOOoicocoocncoctirH 
(X  atiDrHcoocNCOcainrHroiDatr--cod-iDcn 
at        rH  rH  at  H        CN  ro 


in  co  cn 
co  in  cn 


rHinOCOCNCOatCOCOCO 
dOatCNCNCNCO        in  to 


co  H  o  oo 
in  in  ro 


at  O  ID 
CN  at  CO 


O  O  CN  O  O 


CO  CD 
at  03 


at  rH 
at  at 


=T  iO  3- 
rH   CO  rH 


in  in  to  co  o  o  co 
c—  r-  o  cn  h  id 


CD  CO 
CN  CO 


O  CO 
CO  CN 


I  co  in  in 

I    CN  CN  CN 


in  o  in  in  o 
co  co  co  at  CO 


atrHincocriOrHmcN 

rHrHHrHrHrHCNCNH 


H  +  -t- 

co  inooocNOincNcnooatmOrHmoococNiniDrocoooatcoiDOCNin 
(\  dC^rHcotocNcniDiDHcNincorHcorocnrHiDr>coincoou-)CNCNHrorHatat 

OOt-rHrH  OtrHCNOt  rH  rH  rH 


in 

l(H 

X) 

rd 

CO 

-i-i 

rH 

(0 

•H 

^1 

ro 

0) 

ro 

Fh 

X) 

01 

3 

X) 

•P 

CN 

ro 

0) 

04 

h 

u 

CO 

0 

o 

P. 

<4H 

e 

e 

co 

X) 

•H 

Ql 

0 

it-i 

e 

^ 

o 

0) 

XI 

o 

co 

u 

E 

+-> 

•H 

o 

+J 

0) 

ro 

(0 

H 

CO 

0> 

10 

H 

CO 

•H 

to 

c 

to 

ai 

ro 

CD 

+-> 

CO 

rH 

cu 

H 

■H 

CO 

ra 

< 

CO 

o. 

e 

rd 

to 


^c^lnJlnlD^(DcrlC«oHH^tlnlfl^coo)(Ncoatlocoo)^(^^tolnlO^• 

-I;  rHrHrHrHrHrHHrHrHrHCNCNCNCNCNCNrOrOCOCOCOCO 


Percent  Passing 
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88 

66 

4M 

55 

72 

52 

10M 

37 

53 

41 

20M 

26 

37 

36 

2? 

32 

36 

40M 

21 

28 

35 

50M 

19 

23 

35 

60M 

17 

21 

34 

8QM 

13 

17 

31 

100M 

ll 

15 

26 

200M 

7 

12 

22 

270M 

6 

11 

17 

Liquid  Limit 

20 

U20 

22 

Plastic  Index 

0 

NP 

1 

Volume  Swell 

9.3$ 

8.5$ 

21.0$ 

L.  A.  Wear  Loss 

36$ 

43$ 

58$ 

Unit  Weight 

124  pcf 

113  pcf 

A  is  glacio-fluvial;  B  is  local  stream  gravel;  C  is  sandstone  colluvium 


Figure  6    Typical  Gravel  Test  Results 
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Figure  7A  Proctor  Compaction  Data  vs  Hveem  Stabilometer  "R"  Values 
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Figure  J3     Proctor  Compaction  Data  vs  Hveem  Stabilometer  "R"  Values 
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Figure  8 A     Soil  Cement  Test  Results 
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Figure  8B   Soil  Cement  Test  Results 
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Figure  8C   Soil  Cement  Test  Results 
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Marshall  Test  Results  on  Sand  Samples 
(Standard  Method       100-120  Pen  Asphalt) 


Baked  Shale  (Sample  27) 
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2400 
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Sample  Gradings 
Size         Sample      Sample      Blendx         '    Extraction "Samples' 


27 

16 

1.5% 

9.0# 

10.0$ 

11.  ( 

3/4" 

100 

100 

100 

100 

100 

100 

1/2" 

97 

96 

96 

96 

97 

97 

3/8" 

86 

83 

85 

84 

87 

85 

4M 

51 

40 

50 

54 

56 

53 

10M 

34 

100 

40 

41 

43 

43 

42 

40M 

11 

99 

40 

39 

39 

40 

39 

200M 

4 

15 

6 

25 

10 

20 

10 

1)  60$  +4M  from  sample- 27,  40$  -4M  from  sample  16 

2)  60-40  blend  samples,  percent  asphalt  indicated 

Figure  13    Experiments  with  Baked  Shale  and  Sand  Blends 


VT\  UA  H  TiC^  H 

I   I  v —  I  ' 

l>-  C-  "A  CM  UA  UN. 
-s!  <<  4;      «aj  «aj 


H  CM 

OA  OA  OA  OA  OA  OA 


OA  O  no  no  irwo 
CM  H 


UAUAtO  OAnO  -4 
nO  CT\  -4-  -4-  -4"  -4" 


-4  I 
OA  I 


•CO  -4 
-4  OA 


O  M3 
nO  -4- 


I  I 


a  i 


Q) 
01 
U 
Q) 


+ 

0) 


.1 
* 

U 
P 
CO 


O 


O  f-CMAOH 

r-  ir\        cm  cm 


0) 

> 

•H 

■P. 


-d 


0 
H 


CO 


•H 

10 
P. 

H  OA  -4 


•H 

CO 

Pi 

vO  c\|  ir\  O 
O  tO  On  0 


=  =  = 

£^ 

H  <Ai  OA  -4 


o  W  ciJ 


<p  © 

u-a 

bO  to 

a  I 

CO  CO 


O  vO 
OA  CM 


o  s 

a 
o 

H  CM 


0) 

O  <D 
U  H 
<D  n} 
P,,C 
co 

^£ 

0)  xf 

o  o 
-a  p 

§  hO 
H  -H 

t  * 

.£> 

I 

-P 

u  a 

•»  O 

0>  ^ 

•H  0, 
CO 

cd 

Q)  > 
P  tH 
cti  P 


OnO  lArl  4  4 
tO  C    OA  OA  -3"  OA 


CM  O  O  -4  -CO  C~- 
O  CO  OA  OA  -4  OA 


MD  OA  C—  -4  OA  CM 
O  OnnO  IIA  F-nO 


O  O  nO  CM  nO  CM 
O  O  O  O  O  O 
H  H 


P 

bp 

0) 

u 
p 

CO 


CD 

•3 


•rl 

CO 
ft 

4H^O 

^33 


OA  ua  H 
tO  f>  UAvO 


4OC0  4 
C-  L>-nO  Is- 


OAvO  rlM)H 


CD 
P 


084 
nO  H  H 


CM  OA  ^ 


4  OA  CM* 

0000  oppo 
nOnOnOnO      to  to  to  to 


H  CM  OA  -4  "A  NO 


P. 


D-  MA  -4  OA 
«a!  PQ  O  1— 1  CM  CM  CM 


vO  C-tO  O 
CM  CM  CM  CM 


CO 


Sample 

oanu 

<?4  1  + 

uxay 

Pr»1  1  /\n  H  a 

TT 

PT 

V  UXLUlio 

^■wol  1 

oweu. 

X 

91 

97/0 

orvi 

9/. 

9 

uOOQ 

2 

36 

26 

38 

25 

33 

13 

30+ 

Poor 

3 

34 

42 

24 

14 

23 

3 

9.7 

Good 

i. 

9/. 

9C 

9n 

x.? 

Poor 

c 

? 

9c 

JV 

,?  u 

).k 

1  Q 
XV 

Poor 

L 

o 

9i 

<cX 

IK 

9Q 

•^7 

/.I 

x/ 

Poor 

r» 
f 

%r 

01 
<■  I 

Ok 

1  »7 
X/ 

97. 

L 
O 

Xp.O 

UOOQ 

d 

o 

jx 

?Q 

"39 

3A 

JX  ( 

Q 

7 

1  K '  A 

fdl  r-*uo  OCX 

9 

37 

31 

32 

21 

34 

13 

31.6 

Poor 

10 

56 

24 

20 

12 

24 

3 

14.8 

Good 

11 

35 

30 

35 

20 

30 

11 

30.4 

Poor 

12 

57 

25 

18 

8 

20 

3 

10.9 

Good 

Average       Range  Average     Range        Average  Range  Average  Range 

Colloids  .   Colloids     Clay  Clay  Silt  Silt  Sand  Sand 

Good  Samples 

12.7$        8-17$         23.3$       18-32%      36$  24-59$  41$  21-57$ 

Poor  Samples 

24.2$        20-30$        36.7$        28-44$       29$  24-35$  34$  21-48$ 


Average       Range  Average     Range        Average  Range 

LL  LL  PI  PI  Vol.  Swell       Vol.  Swell 

1'         Good  Samples 

24.3  20-31  4V3  2-9  11.8$  .  4-15.6$ 

Poor  Samples 

36.6  30-46  14.3  11-17         30+$  30.4- 


Figure  15    Test  Results  of  Road  Samples 


